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Introduction
The applications of gold(I) catalysis in methodology and synthesis have seen a remarkable growth in recent years 1 following Schwemberg's perchlorination of naphthalene in 1935. 2 Most mechanisms have involved a cationic gold species usually from chlorine abstraction by a silver salt, 3 protonolysis of an alkyl gold 4 or ligand dissociation in solution prior to alkene complexation. The cationic nature was further demonstrated by Widenhoefer who reported the results of X-ray diffraction experiments on cationic gold(I) complexes derived from a series of alkynes. 5 The loss of an X-ligand to generate an active gold intermediate combined with a limited coordination sphere due to relativistic considerations and radial contraction on gold(I) complexes have also driven the development of chiral gold(I) complexes LAuX with structural modification of the L-ligand and rare examples of chiral X-ligands; in the latter case, the efficiency heavily relies on the nature of the solvent. 1, 6 Many tri-and tetra-coordinate gold complexes have been reported. [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Most notably, Hashmi reported the X-ray crystallographic characterisation of a tri-coordinate gold(I) complex L 2 AuX, 5, 9 and many polynuclear auracyclic complexes featuring bidentate ligands have been described extensively and such systems often include Au-Au interactions. 8 For all the evidence for complexes which, in the solid state, display coordination numbers for gold that exceed two, the rationalisation of gold catalysis in solution rarely invokes species with coordination numbers that exceed two unless they are hypothesised in transition states of complex-induced activation reactions. 5, 7, 8, [22] [23] [24] Despite the ever-growing database of transformations catalysed by gold(I) and the proposed cationic nature of the complex in these transformations, little experimental information is available regarding the existence in solution of a tricoordinate gold species and the general nature of gold complexes in solution.
We describe herein our routes to catalytically active gold amide complexes LAuX featuring either modified L or X ligands, as well as binuclear complexes. These results can potentially be used to access structurally diverse gold amide or peptide complexes. This opens up possibilities for structural modifications and drug design of organogold complexes, as the routes are amenable to combinatorial chemistry and parallel synthesis. We also examined the de-ligation process of such amide complexes in the initial mechanistic step of gold catalysed transformations. To this end, we report on the investigation of the behaviour of these complexes in solution with NMR and freezing point depression studies and contrast the results with the standard mechanistic proposal involving a cationic gold intermediate.
Results and discussion
In our search for rapid routes to libraries of gold complexes, we investigated the influence of the gold amide bond on the catalytic activity of complexes that contain this moiety for cycloisomerisation reactions in solution. Initial models included chiral gold amides as described in Fig. 1 .
Catalytic activities
The investigation of the connectivity of the gold-ligand complex is a necessary step prior to the mechanistic investigation, and notably rationalising the influence of the electronegative nature of the N-derived X-ligands on both the reactivity and the stability of gold amide complexes is crucial. The initial design of 8, featuring a gold N-alkyl triflic amide linkage, showed no catalytic activity ( Fig. 1) when evaluated in two model reactions, a modified Conia-ene cyclopentannulation (Scheme 1, Table 1 ) 25 and a phenol enyne cycloisomerisation (Scheme 2, Table 2 ). 26 The influence of electron-withdrawing substituents on the nitrogen was found to have a critical impact on the outcome of these reactions (Fig. 1 ). Switching to an N-triflic alkanamide 9 dramatically improved the reactivity and the yields were comparable to those obtained with bis-triflic amide complex Ph 3 PAuNTf 2 10 reported by Gagosz 3 (Scheme 1, Table 1 ) (Fig. 2 ).
Cyclic gold complex vs. linear gold complexes vs. naked ligand
The standard mechanistic proposal for catalytic and stoichiometric reactions of this type begins with dissociation of the X-ligand prior to complexation with the substrate. Our design of complexes 2 and 7 should generate the same cationic species on dissociation of the X-ligand, as shown in Fig. 3 . If the standard mechanistic proposal holds, then cationic gold 2*, formed from either 2 or 7, should lead to identical results, if 2* is the sole catalytic species. The alkynyl substrate 13 was treated with two different complexes 2 and 7 and both showed similar catalytic activities with respect to the product, the yield and the rate. However, the resulting cyclopentane 12 had opposite optical rotations ([α] D : −3.2°with catalyst 2 and 3.2°with catalyst 7). Entries [11] [12] [13] show that the thermal cycloisomerisation is not favourable, but proceeds in very poor yields to cyclopentane 12. To rule out any organocatalytic activity of the ligand, either via the e L-Proline was added (1 equiv.).
Scheme 1 Cyclopentannulation of β-ketoester 11. (Table 1, entries 17-21) . Surprisingly, and despite similar reactivity between our chiral gold complexes and the standard bistriflic amide complex, the reaction did not proceed and starting material was recovered. This not only rules out any ligand metathesis, but also a potential weak interaction of the free ligand with any of the intermediates involved. These results also suggest that excess ligand suppresses any catalytic activity of the gold(I) complex. Though they do not preclude the intervention of a different cationic gold species, they clearly indicate the involvement of multiple intermediates in the catalysis of the isomerisation, including a possible tricoordinate gold intermediate. These results have prompted us to investigate the dynamic equilibration of gold amides in solution by contrasting the covalent radii of the complexes in the solid state with those obtained in solution using DOSY and freezing point depression experiments.
DOSY methodology
Diffusion ordered spectroscopy (DOSY) is a powerful technique for investigating the solution state assembly properties of molecules. [27] [28] [29] The technique relies upon measuring the attenuation of an NMR signal, during the application of pulsed magnetic field gradients, caused by incoherent sample motion, such as translational diffusion. Fitting this signal attenuation allows the transitional diffusion coefficient to be determined, thereby accessing information on effective molecular size in solution. 30 Hydrodynamic radii were calculated from the StokesEinstein equation: D = kT/(6πηr), where η represents the viscosity of the solution (taken to be the same as CHCl 3 at 25°C). 29 Strictly, the Stokes-Einstein equation assumes that the diffusing particle is a hard sphere, and includes any solvation effects, therefore the radii obtained are guides to the true hydrodynamic size in solution. The results are compiled in Table 1 .
Interestingly, no signals for free ligands are observed in any of the experiments. The DOSY results for complex 5a/5b (Table 3 , entry 3) are consistent with a potential monomerdimer equilibrium on the time scale of the diffusion measurement (10 2 ms) given that this molecule shows a larger diffusion coefficient than that of dimer 7, but a smaller coefficient than that of monomer 6a (Table 3 , entry 2). As expected, the hydrodynamic radius of free ligand 15 (Scheme 5) is smaller than that of dimeric complex 7. The radius of free ligand 16 (Scheme 5) however is larger than its complexed form 6a as 16 has more conformational flexibility than the complex which has necessarily restricted bond rotations. This clearly indicates the lack of decomplexation of the X-side of the complex on the time-frame of the measurements, as the subsequent cationic gold species would have a radius similar or greater to that of free ligand 16. Gold chlorides are stable in solution and do not decomplex to form cationic gold unless a co-catalyst is used, usually silver(I) salts. Interestingly, gold chloride 15 and gold bis-triflic amide 2 have a similar hydrodynamic radius and this confirms that 2 has a smaller radius than the dimeric version in solution which does not dissociate to a monomeric species. This also suggests that decomplexation of the bis-triflic amide residue and subsequent dimerisation to 7 were not observed at that concentration.
Freezing point depressions
Freezing point depression was chosen to examine and provide more evidence pertaining to the nature of gold amide complexes in solution. Freezing point depression, ΔT f , can be used to evaluate the number of the solute particles through the van't Hoff factor i (ΔT f = K f mi), and to determine the oligomeric state of the complex from the colligative property of the solution.
We found that complexes 6 and 7 were freely soluble in 1,2-dibromoethane, which has a convenient freezing point and a high cryoscopic constant (K f = 12.5 K mol
The results of the freezing point depressions are compiled in Table 4 . Of note, data could not be collected for complex 5a/5b as it could not be dissolved in the required solvent. The results of these colligative experiments are consistent with the conclusions drawn from the DOSY experiments, in spite of a different dielectric constant for both solvents (Br 2 C 2 H 4 : ε r = 10.5, CDCl 3 : ε r = 4.8 at 293 K). In solution, the complex mixture 6a/6b is predominantly a monomer contrary to its solid state which is the dimeric form 6b. Complex 7 is indeed dimeric in both solvent and in the solid state. 
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X-ray diffraction studies
Compounds 6b and 7 both yielded crystals that were suitable for X-ray diffraction studies to augment our solution-phase experiments (Fig. 4) . In both cases, full structural data are included in the ESI. † The molecular structures of these complexes all contain a two-coordinate Au centre with unexceptional Au-N and Au-P distances and linear coordination irrespective of the state of molecularity in the crystal (Fig. 5) . Amongst the 396 structures from the CCSD that have this coordination sphere composition, all are linear, with conventional distances except those where the system is particularly structurally constrained. Additionally, the amide nitrogen is invariably planar.
Interestingly the sequence of compounds 5, 6 and 7 contains chains homologated by one CH 2 unit sequentially. 6 and 7 are both dimers, presumably because the strain required to form a mononuclear linear-coordinate Au complex from the corresponding bidentate ligands is too high. Interestingly, solution of poor data from a crystal of 5 showed that it is polymeric in the solid state and subject to high levels of disorder.
Of note, the crystal structures are composed of the units bound by F⋯H and O⋯H intermolecular bonds, leading to highly porous, layered structures. There is also no metal-metal interaction present in the solid state.
Synthesis of complexes 1-7
Complexes 3 and 4 were synthesised from protected amino acids Leucine and Tryptophan (Scheme 3). Carboxylic acids 17 31 and 18 were interconverted into the corresponding N-triflic amide by treatment with EDC. Gold complexes 3 and 4 were then subsequently obtained by treating triphenylphosphine gold chloride with the corresponding silver amide salt generated in situ. The complexes were obtained as a mixture of rotamers (3: The acid obtained after saponification of the methyl ester was then converted to the corresponding N-triflic alkanamides 15, 16 and 22. Ligand metathesis of the silver amide salt generated in situ with dimethylsulfide gold chloride gave different complexes depending on the length of the side chain. Both monomer 5a and 6a and dimer 6b were observed for n = 3,4 (but solely the dimer in the solid state 6b, as mentioned earlier) (Scheme 6). In contrast, the sole dimer 7 was observed for n = 2. The introduction of L-ligand 15 was achieved by treating dimethylsulfide gold chloride in the absence of Ag(I). The corresponding complex 1 was then converted to its bis-triflic amide complex 2 after ligand metathesis with silver bis-triflic amide (Scheme 7).
Conclusions
It has been demonstrated that the catalytic activity of gold amide complexes is highly dependent on the nature of the substitution around the N-linkage and that the widely accepted cationic nature of organogold complexes in solution cannot be generalized to N-triflic alkanamide gold complexes. We have shown by DOSY NMR studies and freezing point depression studies that dimeric complex 6b in the solid state equilibrates to monomer 6b in solution, suggesting that an amide X-ligand is indeed labile in solution. We have also observed that complexes 2 and 7 featuring the same L-ligand but different X-ligands gave opposite optical rotations for the cycloisomerisation of alkynes. The fact that ligand 15 does not display any organocatalytic activity and that it inhibited complex 10 suggests that the observed enantio-discrimination stems from the complexation of the alkynyl substrate with the gold amides prior to the decomplexation of the X-ligand to give the formation of a cationic gold species.
Experimental section
Methods and materials
Reagent grade solvents were dried by the standard procedures and were freshly distilled prior to use. IR spectra were recorded on a Perkin Elmer FT-IR Spectrum One spectrophotometer. 28 mmol, 1.01 mL) in dichloromethane (8.0 mL) was added dropwise to a solution of triethylamine (1.88 g, 18.57 mmol, 2.61 mL) and (2S)-2-[(diphenylphosphino)methyl]pyrrolidine (2.50 g, 9.28 mmol) in dichloromethane (27 mL). The resultant solution was stirred at 30°C overnight. The reaction mixture was poured into water-dichloromethane (1 : 1, 200 mL). The organic phase was washed with water (100 mL), brine (100 mL) and then dried over sodium sulfate, filtered and 
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This journal is © The . After stirring for 20 h at room temperature the reaction mixture was neutralized with 32% hydrochloric acid (3.5 mL). The resulting solution was lyophilized to yield the crude product which was then dissolved in methanol. Any insoluble salts were removed by filtration. The resultant solution was concentrated under reduced pressure to give the corresponding compound as a yellow and cloudy viscous oil (0.57 g, quantitative). 
46 mmol), triflic amine (0.218 g, 1.46 mmol) and HOBt·H 2 O (0.224 g, 1.46 mmol) were dissolved in dichloromethane (3.85 mL) and cooled to 0°C. EDC (0.233 g, 1.50 mmol) was added and the mixture was stirred for 15 min at 0°C and then at room temperature overnight. The precipitate was filtered off and the solvent was evaporated. The residue was dissolved in 20 mL of dichloromethane and washed with 1 M citric acid (20 mL), saturated sodium bicarbonate (20 mL), brine (20 mL) and dried over anhydrous magnesium sulfate; concentrated under reduced pressure.
Purification by column chromatography (methanol-dichloromethane, [5 : 95] Bidentate gold(I) complex (7) (3-((2S)-2-((Diphenylphosphino)methyl)pyrrolidin-1-ium-1-yl)-propanoyl) ((trifluoromethyl)sulfonyl)amide. (100 mg, 0.212 mmol) was dissolved in dry dichloromethane (2.1 mL) in a flame dried flask, under nitrogen. The dimethyl sulfide gold chloride (62 mg, 0.212 mmol) was added to one portion and the mixture was stirred for 15 min. The silver carbonate (58 mg, 0.212 mmol) was added to one portion and the resultant mixture stirred overnight. The reaction mixture was filtered through Celite and concentrated under reduced pressure to give the title compound as a yellow solid (139 mg, 98%). 1 X-Ray: available see the appendix (by slow diffusion of dichloromethane into benzene).
(S)-Methyl 5-(2-((diphenylphosphino)methyl)pyrrolidin-1-yl)-pentanoate. A solution of methyl 5-bromopentanoate (0.36 g, 1.86 mmol, 0.27 mL) in dichloromethane (1.64 mL) was added dropwise to a solution of triethylamine (0.38 g, 3.71 mmol, 0.52 mL) and (2S)-2-[(diphenylphosphino)methyl]pyrrolidine (0.500 g, 1.86 mmol) in dichloromethane (5.46 mL). The resultant solution was stirred at 30°C overnight. The reaction mixture was poured into water-dichloromethane (1 : 1, 40 mL). The crude residue was extracted with dichloromethane (20 mL), the organic phase was washed with water (20 mL), brine (20 mL) and then dried over sodium sulfate, filtered and concentrated under reduced pressure. Purification by column chromatography (methanol-dichloromethane, [5 : 95] ) afforded the title compound as a colourless viscous oil (1.57 g, 65%). 1 (S)-5-(2-((Diphenylphosphino)methyl)pyrrolidin-1-yl)pentanoic acid. A solution of 27.5 mL of the 1 N sodium hydroxide was added to methyl 3-{(2S)-2-[(diphenylphosphino)methyl]pyrrolidin-1-yl}pentanoate (0.41 g, 1.11 mmol) in methanol (18.5 mL, 0.062 M). After stirring for 20 h at room temperature the reaction mixture was neutralized with 32% hydrochloric acid (2.8 mL). The resulting solution was lyophilized to yield the crude product which was then dissolved in methanol. Any insoluble salts were removed by filtration. The resultant solution was concentrated under reduced pressure to give the corresponding compound as a colourless viscous oil (0.38 g, 93%). 14 mmol) were dissolved in dichloromethane (2.15 mL) and cooled to 0°C. EDC (0.140 g, 0.83 mmol) was added and the mixture was stirred for 15 min at 0°C and then at room temperature overnight. The precipitate was filtered off and the solvent was evaporated. The residue was dissolved in 15 mL of dichloromethane and washed with 1 M citric acid (15 mL), saturated sodium bicarbonate (15 mL), brine (15 mL) and dried over anhydrous magnesium sulfate; concentrated under reduced pressure. Purification by column chromatography (methanol-dichloromethane, [5 : 95] ) afforded the title compound as a white solid (0.268 g, 66%) . 1 (3.1 mL) . The resultant solution was stirred at 30°C overnight. The reaction mixture was poured into water-dichloromethane (1 : 1, 32 mL). The crude residue was extracted with dichloromethane (16 mL), the organic phase was washed with water (16 mL), brine (16 mL) and then dried over sodium sulfate, filtered and concentrated under reduced pressure. Purification by column chromatography (methanol-dichloromethane, [5 : 95] ) afforded the title compound as a colourless viscous oil (0.264 g, 47%) . 1 . After stirring for 20 h at room temperature the reaction mixture was neutralized with 32% hydrochloric acid (1.7 mL). The resulting solution was lyophilized to yield the crude product which was then dissolved in methanol. Any insoluble salts were removed by filtration. The resultant solution was concentrated under reduced pressure to give the corresponding compound as a colourless oil (0.228 g, quantitative). and HOBt·H 2 O (0.100 g, 0.65 mmol) were dissolved in dichloromethane (1.72 mL) and cooled to 0°C. EDC (0.104 g, 0.67 mmol) was added and the mixture was stirred for 15 min at 0°C and then at room temperature overnight. The precipitate was filtered off and the solvent was evaporated. The residue was dissolved in 10 mL of dichloromethane and washed with 1 M citric acid (10 mL), saturated sodium bicarbonate (10 mL), brine (10 mL) and dried over anhydrous magnesium sulfate; concentrated under reduced pressure. Purification by column chromatography (methanol-dichloromethane, [5 : 95] , solid deposit) afforded the title compound as a white solid (0.145 g, 46%) . 1 
Complexes (5a)/(5b)
The (4-((2S)-2-((diphenylphosphino)methyl)pyrrolidin-1-ium-1-yl)butanoyl)((trifluoromethyl)sulfonyl) amide (100 mg, 0.21 mmol) was dissolved in dry dichloromethane (2.1 mL) in a flame dried flask, under nitrogen. The dimethyl sulfide gold chloride (60.5 mg, 0.21 mmol) was added to one portion and the mixture was stirred for 15 min. The silver carbonate (56.7 mg, 0.21 mmol) was added to one portion and the resultant mixture stirred overnight. The reaction mixture was filtered through Celite and concentrated under reduced pressure to afford the title compound as a yellow solid (122 mg, quantitative w/w (monomer or dimer)). (19) . Deoxygenated 32% HCl (2 mL) was added to a round bottomed flask containing (S)-2-((diphenylphosphino)methyl)pyrrolidine-1-sulfonic acid (100 mg, 0.30 mmol) under nitrogen and stirred for 16 h at 85°C. After cooling, the reaction was neutralized by a solution of potassium hydroxide to pH = 12 and extracted with dichloromethane (3 × 7 mL). The reaction mixture was concentrated under reduced pressure to give the title compound as a yellow oil (53 mg, 65%). All data are identical to those reported. 33 General procedure 5,8a-Dimethyl-7,8,8a,9,10,10a-hexahydroanthracen-1-ol (14) . (E)-2-(3-Methyloct-2-en-6-yn-1-yl)phenol (50 mg, 0.24 mmol) was placed in a flame dried round bottom flask under nitrogen. The appropriate dry solvent (0.48 mL, 0.5 M) was added and the mixture stirred for around 2 minutes. The catalyst was added and the reaction mixture stirred for the appropriate time at room temperature. The solvent was concentrated under reduced pressure. Purification by column chromatography ([99 : 1], cyclohexane-ethyl acetate) afforded the title compound as a pale yellow oil.
Methyl 1-acetyl-2-methylenecyclopentanecarboxylate (12a). Methyl 2-acetylhept-6-ynoate (50 mg, 0.27 mmol) was placed in a dried round bottom flask under nitrogen. The appropriate dry solvent (0.69 mL, 0.4 M) was added and the reaction mixture stirred for 2 minutes. The catalyst (16.5 mg, 0.014 mmol, 0.05 mol%) was added and the reaction mixture stirred for the appropriate time at the corresponding temperature. The solvent was concentrated under reduced pressure. Purification by column chromatography ([99 : 1], cyclohexaneethyl acetate) afforded the title compound as a clear yellow oil.
Ethyl 1-benzoyl-2-methylenecyclopentanecarboxylate (12b). Ethyl 2-benzoylhept-6-ynoate (71 mg, 0.27 mmol) was placed in a flame dried round bottom flask under nitrogen. The appropriate dry solvent (0.69 mL, 0.4 M) was added and the mixture stirred for 2 minutes. The catalyst was added and the reaction mixture stirred for the appropriate time at the corresponding temperature. The solvent was concentrated under reduced pressure. Purification by column chromatography ([95 : 5] , PET-ethyl acetate or diethyl ether) afforded the title compound as a colourless oil (65 mg, 91%).
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DOSY experiments
Diffusion ordered spectra were acquired on a Varian VNMRS 600 equipped with an AutoX DB probe using the one- Samples were placed in 3 mm diameter NMR tubes so as to limit the formation of convection currents and reduce phase errors during the pulse sequence and subsequent analysis.
Freezing point depression experiments
Gold complex 6a/6b (88.0 mg) was dissolved in 1,2-dibromoethane (3.6890 g). The experimental temperature depression obtained (0.433°C) was taken as the average of three experiments. Gold complex 7 (58.5 mg) was dissolved in 1,2-dibromoethane (3.9060 g). The experimental temperature depression obtained (0.133°C) was again taken as the average of three experiments.
Crystallography
All crystallographic details for compounds 6b, 7, 15 and 18 are provided in the ESI. †
